This study aimed to investigate the correlation between the average iodine density (AID) detected by dualenergy computed tomography (DE-CT) and the maximum standardized uptake value (SUV max ) yielded by [
INTRODUCTION
Stereotactic body radiotherapy (SBRT) is considered a safe and effective treatment for medically inoperable patients with Stage I non-small cell lung cancer (NSCLC); however,~10% of these patients develop local recurrences after high-dose SBRT [1, 2] . Several reports have described prognostic factors for local recurrence, including a lower biologically effective dose [3] [4] [5] and larger tumor size [6] [7] [8] [9] . Furthermore, pretreatment glucose metabolism was found to have a significant impact on the biological behaviors of many malignancies, including NSCLC, and a number of studies have indicated that the maximum standardized uptake value (SUV max ) determined using [ 18 F]-fluorodeoxyglucose positron emission tomography ( 18 F-FDG PET) correlates with tumor aggressiveness and, therefore, is predictive of patient outcomes [10] [11] [12] [13] [14] . Tumor hypoxia also plays an important role in radioresistance [15, 16] . In recent studies, reductions in perfusion CT parameters suggestive of hypoxic conditions within a tumor, such as tumor blood volume, which is measured as the average iodine density (AID) via dual-energy computed tomography (DE-CT), have been shown to correlate with local recurrence [17] . However, the relationship between pretreatment glucose metabolism measurements and whole-tumor perfusion CT parameters has not yet been fully elucidated in NSCLC. The purpose of this study was to investigate a potential correlation between AID on DE-CT and SUV max on 18 F-FDG PET and the prognostic impacts of these parameters on local control (LC) in patients with SBRT-treated NSCLC. Table 1 . This study was approved by our institutional review board.
MATERIALS AND METHODS

Patient, tumor and treatment characteristics
Treatment procedure
Details regarding the performance of SBRT at our institution have been described previously [18] . Each patient was immobilized using a custom-made MoldCare head rest (ALCARE Co., Ltd, Tokyo, Japan) with an Esform shell (Engineering System Co., Ltd, Nagoya, Japan). Treatment-planning CT was performed using Optima (GE Healthcare, Milwaukee, WI, USA) with a 1.25 mm imaging slice thickness. If respiratory tumor movement was >1 cm, planning CT was performed using a breath-holding technique and an Abches device (APEX Medical Inc., Tokyo, Japan). If respiratory tumor movement was ≤1 cm, planning CT was performed according to the 4D-CT technique, using a real-time position management system (Varian Medical Systems, Palo Alto, CA, USA). A 3D treatment-planning system (XiO, version 4.8; ELEKTA, Stockholm, Sweden) was applied for dose calculation according to the superposition method. The target margins were as follows: the clinical target volume (CTV) was equal to the gross tumor volume (GTV) or internal target volume (ITV) delineated on CT images displayed at a window level of −300 Hounsfield units (HU) and window width of 1700 HU. The planning target volume (PTV) was the CTV plus a median 8 mm (range, 5-10 mm) margin in all directions, and a 5 mm leaf margin was included around the PTV.
Irradiation was performed using 6-MV X-ray beams from a linear accelerator (Clinac iX; Varian Medical Systems) in 2-3 coplanar and 3-4 non-coplanar static ports. A total dose of 50-60 Gy at the isocenter in 5-6 single-dose fractions of 10 Gy was administered within 20% heterogeneity of the PTV dose. In most cases, the minimum dose to the PTV corresponded to 85-95% of the prescribed Scanning procedure and image analyses for dual-energy computed tomography
Enhanced DE-CT imaging was performed using a dual-energy gemstone spectral CT scanner (Discovery CT 750 HD; GE Healthcare, Tokyo, Japan) and a fast kilovoltage (kV) switching method. Details of this imaging method have been previously reported [19] . Briefly, a non-ionic, low-osmolar contrast medium dose of 600 mg I/kg body weight, with an iodine content of 300 or 350 mgI/ml, was administered. The total amount of contrast medium was intravenously injected within 30 s. Scanning began 25 s after initiating the injection of contrast medium. Slices used for data analysis had a thickness of 0.63 mm. All CT images were transferred to a workstation (GSI Viewer, GE Healthcare) and subjected to data analyses. Using a pulmonary window (window width, 1000 HU; window level, −700 HU), a region of interest (ROI) was set at the maximum cross-sectional diameter of the tumor to surround the entire tumor on the CT image; the image was subsequently converted to an iodine (water) image to obtain an AID.
Scanning procedure for [
18 F]-fluorodeoxyglucose positron emission tomography/computed tomography All patients fasted for at least 4 h in preparation for FDG-PET/CT; water intake was encouraged [20] . Commercially produced and delivered 18 F-FDG (FDG scan injectable, 185 MBq on assay date;
Nihon Medi-Physics, Co., Ltd, Tokyo, Japan) was injected intravenously 60 min prior to the initiation of scanning. During the 60 min uptake period, patients drank a sufficient amount of water. A PET/ CT system (Discovery ST Elite 16; GE Healthcare, Tokyo, Japan) was used to acquire data in 7-8 bed positions, with an acquisition time of 2.5-3.0 min per bed position. CT was performed first (30-80 mA, 120 kV, 3.75-3.27 mm slice thickness). CT data were used for the attenuation correction of PET data, as well as for co-registration with attenuation-corrected PET images. Next, PET data were acquired immediately from the same body region. The reconstructed sectional images were evaluated visually and quantitatively using the SUV max within an ROI placed on the lesions.
Follow-up and statistical analysis
Local tumor control was defined as an end point in this study. Follow-up CT scans were obtained at 3-6 month intervals and were used to assess tumor control. Local recurrence was diagnosed on the basis of local tumor enlargement on CT over a period of at least 6 months. 18 F-FDG PET/CT and/or histological confirmation were recommended when local recurrence was suspected, but these were not mandatory. The LC rates from the first date of treatment until the date of local recurrence were calculated using the Kaplan-Meier method. Differences in tumor characteristics between two patient groups (high and low groups) divided according to the median AID value and SUV max of 4.0 were compared using the chi-square test. The log-rank test was used to evaluate statistically significant differences between Kaplan-Meier curves in univariate analyses. A Cox proportional hazard model was used for the multivariate analysis, which considered the following parameters: longest tumor diameter (≤20 vs >20 mm), histology [adenocarcinoma/unknown vs squamous cell carcinoma (SCC)], tumor type [solid vs ground glass attenuation (GGA)], prescribed dose (50 vs 60 Gy), AID [≤18.64 vs >18.64 (100 µg/cm
3 )], and SUV max (≤4.0 vs >4.0). Differences were considered statistically significant at a probability (P) value of <0.05. All statistical analyses were performed using a commercially available statistical software package [Statistical Package for the Social Sciences (SPSS), version 22.0; IBM, Tokyo, Japan].
RESULTS
The patients in this study were subjected to follow-up for a median duration of 24.5 (range, 6.9-60. 
Tumor characteristics
Patients were divided into high and low SUV max and AID groups for comparisons of tumor characteristics; these analyses are summarized in Table 2 . No significant correlation was found between SUV max and AID; however, differences were observed between the SUV max groups with respect to tumor type (solid vs GGA) and histology (adenocarcinoma vs SCC vs unknown) and between the AID groups in terms of prescribed dose.
LC
Local recurrence was observed in eight (10.8%) patients during the last follow-up, and an overall 2-year LC rate of 86.8% was calculated. The 2-year LC rates for the SUV max high and low groups were 72.0% and 96.2% (P = 0.002), respectively (Fig. 1A) ; the corresponding rates for the AID high and low groups were 96.2% and 75.0% (P = 0.039), respectively (Fig. 1B) . Tumors with a lower AID and higher SUV max exhibited significantly poorer LC. Additionally, histological adenocarcinoma and unknown histology were associated with significantly better LC; the 2-year LC rates for adenocarcinoma, unknown and SCC tumors were 96.4%, 92.9% and 67.1% (P = 0.008), respectively (Fig. 1C) . We also analyzed differences in LC stratified according to four groups according to SUV max and AID (high/high, high/low, low/high and low/low). The 2-year LC rate for tumors in the high/low group was only 48.5% compared with >90% (range, 94.4%-100%) in the other three groups (P = 0.000), as shown in Fig. 1D . Other factors, such as the longest tumor diameter, tumor type (solid vs GGA) and prescribed dose were not found to significantly affect LC. In the multivariate analysis, only SUV max was selected as a significant prognostic factor with respect to LC, as shown in Table 3 . In addition, the 2-year LC rates in the combined SUV max /AID groups (high/low vs other groups) were assessed in subgroups according to histology, longest tumor diameter, tumor type, and prescribed dose; these are listed in Table 4 . Significant negative impacts of a high SUV max /low AID on LC were observed in subgroups defined by histological adenocarcinoma (P = 0.004) and unknown histology (P = 0.000), longest tumor diameter of ≤20 mm Fig. 1 . Kaplan-Meier curves of local control rates after stereotactic body radiotherapy (SBRT) according to maximum standard uptake value (SUV max ) (A), average iodine density (AID) (B), histology (C), and combined SUV max /AID (D).
(P = 0.001) and >20 mm (P = 0.004), solid tumor (P = 0.000), and prescribed dose of 50 Gy (P = 0.000) and 60 Gy (P = 0.046).
Patients who developed local recurrences are listed in Table 5 . All recurrences occurred within 24 months after SBRT. Among the eight patients who developed local recurrences, 100% had solid tumors, 88% were male and had T1 tumors, and 75% had a high SUV max combined with a low AID (high/low group) and had SCC.
Among the eight patients who developed local recurrence, recurrence was confirmed by biopsy in three patients and was clinically diagnosed in five patients. After the diagnosis of local recurrence, salvage surgery was attempted for two patients following regrowth of the SBRT target lesion at 14 and 20 months after SBRT. These patients were still alive without any complications postoperatively. In contrast, six patients were treated with chemotherapy or best supportive care. Three of these patients had died from disease progression at the last follow-up.
DISCUSSION
We found strong associations of the pretreatment SUV max and AID with LC, but did not observe a significant correlation between SUV max and AID. We also found a significantly negative impact of tumors with a lower AID and higher SUV max on LC, and this impact was independent of the tumor size, histology, tumor type, and prescribed dose. To our knowledge, this is the first report to assess LC in patients with NSCLC after SBRT through a pretreatment evaluation in combination with DE-CT and FDG-PET/CT.
Pretreatment glucose metabolism and outcomes
FDG-PET/CT has become widely used in diagnostic and pretreatment evaluations as well as staging for patients with malignant tumors. SUV max is the most widely used PET parameter, and it has been shown to have potential prognostic value in patients undergoing SBRT for NSCLC. Several studies have reported the prognostic impact of pretreatment SUV max on LC of NSCLC after SBRT. Takeda et al. [10] evaluated the FDG-PET SUV max for localized NSCLC and observed that a higher SUV max (>6.0) was a strong predictor of local recurrence after SBRT. The SUV max thresholds and local recurrence rates differ among studies; however, similar [14] . In our study, a higher SUV max (>4.0) was a strong predictor of local recurrence (P = 0.002), particularly when combined with a lower AID (P = 0.000); these findings suggest a decrease in tumor blood volume, reflective of a hypoxic cell population in the tumor. In other words, hypoxia activates the hypoxia inducible factor-1alfa (HIF-1α) pathway, which increases the expression of glucose transporters on the surface membranes of tumor cells [21] , thus facilitating the uptake of FDG by tumor cells.
However, tumors with a higher SUV max together with a higher AID were well controlled in our patient population. Furthermore, tumors with a lower SUV max together with higher AID were also well controlled. These results suggest that both glucose metabolism measurements and tumor perfusion CT parameters play important roles in radiosensitivity.
Tumor perfusion computed tomography parameters and outcomes
Tumor hypoxia is a well-known and important determinant of the response to anti-tumor treatments, particularly radiotherapy [15, 16, 22] . Accordingly, techniques to directly determine the oxygen levels in human tumors have been developed, and the results of such measurements have been predictive of both response to therapy and patient survival [23] . However, the method for directly determining oxygen levels is generally technically demanding, invasive, and useful only for studying accessible tumors, and, therefore, it has not been accepted as a clinical tool for hypoxia measurement. Among non-invasive techniques, PET with fluorine-18 fluoromisonidazole (FMISO) has been the most extensively studied. However, FMISO has a number of limitations, such as slow accumulation in hypoxic tumors, a low level of target-to-background contrast, and a significant production of radioactive metabolites [24] . On the other hand, perfusion CT parameter assessment using DE-CT is a noninvasive and quantitative method for tumor blood volume evaluations. In our study, although oxygen pressure was not measured directly, a lower AID was associated with local recurrence after SBRT, indicating an association of radioresistance with low tumor blood volume and a probable association with a hypoxic condition. Our study further revealed that tumors with a lower AID and lower SUV max were well controlled after SBRT. Sato et al. [25] reported that a HIF-1 inhibitor selectively induced apoptosis in hypoxic cells through the depolarization of mitochondria in A549 human lung cancer cells. Although the results of in vitro studies do not necessarily reflect conditions in vivo, tumors with decreased glucose metabolism despite a hypoxic condition suggest the suppression of HIF-1 for an unclear reason.
Relationship between glucose metabolism and tumor perfusion computed tomography parameters
Some reports have described a relationship between SUV max and perfusion CT parameters in patients with NSCLC; however, to our knowledge, no previous reports have described the relationships of LC and perfusion CT parameters with glucose metabolism measurements. Schmid-Bindert et al. [26] reported a positive correlation between SUV max and iodine-related attenuation according to DE-CT in 37 patients with mostly Stage IV NSCLC. In contrast, Iwano et al. [27] reported that the iodine volume during the delayed phase of dual-phase dynamic DE-CT correlated negatively with SUV max in 27 patients with primary lung cancer. In our study, no correlation was observed between AID and SUV max for 74 patients with early-stage NSCLC. A similar lack of correlation between the hypoxic cell fraction and glucose metabolic rate was previously reported by Cherk et al. [28] in 17 patients with early-stage NSCLC, a small cohort. Differences between studies with respect to patient and tumor characteristics as well as small numbers of patients appear to account for discrepancies regarding the relationship between AID and SUV max .
Tumor size, BED 10 and local control A larger tumor size and lower BED 10 have been reported as risk factors related to LC after SBRT; however, these were not risk factors in our patient population. In our study, the 2-year LC rate was 87.6% for T1 tumors and 80.0% for T2 tumors (P = 0.827). This observation might reflect the use of a higher BED 10 for T2 tumors. In our study, the prescribed dose differed according to tumor size; 50 Gy (BED 10 = 100 Gy) was administered for T1 tumors (≤30 mm), and 60 Gy (BED 10 = 120 Gy) was administered for T2 tumors (>30 mm). Notably, since 2010, at our institution we also initiated a dose escalation study from 50 Gy to 60 Gy for lung oligorecurrences from colorectal cancer [18] , which has a poor LC rate.
Shibamoto et al. [29] previously reported an interesting treatment protocol involving SBRT with a radiobiology-based regimen for Stage I NSCLC and obtained reasonable LC rates using higher doses for T2 tumors and relatively long interfraction intervals. In our study, a higher SUV max and lower AID according to pretreatment FDG-PET/CT and DE-CT evaluation for NSCLC was found to be a significant predictor of local recurrence after SBRT. We also observed a significant negative impact on LC in this subgroup (high/low group) for T1 tumors treated with a prescribed dose of 50 Gy. Our results suggest the need for dose escalation studies that account for a higher SUV max with lower AID, even in T1 tumors.
This study had the following limitations. First, the follow-up period was relatively short, and it is unknown whether LC rates might decrease with a longer follow-up. Second, many factors influence the AID of a tumor, including scan delay, total contrast agent amount, injection rate, ROI settings with reference to the tumor, and patient characteristics. Finally, many factors influence the SUV max of a tumor, including patient size, time from 18 F-FDG injection to imaging, blood sugar and insulin levels, tumor size, imaging device, respiratory tumor movement, and ROI setting with reference to the tumor. Despite these limitations, however, this study provides a novel perspective on future directions in the development of local relapse predictions based on FDG-PET/CT and DE-CT after high-dose SBRT.
In conclusion, pretreatment glucose metabolism parameters and perfusion CT parameters throughout lung tumors were found to correlate with local relapse after SBRT. An altered fractionation schedule for SBRT should be considered for tumors with a higher SUV max and a lower AID. Further studies will be required to confirm these results in larger populations and with longer follow-up periods.
